Ionoluminescence (IL) of kyanite single crystals bombarded with 100 MeV swift Ag 8+ ions with fluences in the range 1.87-7.5 Â 10 11 ions/cm 2 has been studied. A pair of sharp IL peaks at $689 and 706 nm along with broad emission in the region 710-800 nm are recorded in both crystalline and pelletized samples. Similar results are recorded in Photoluminescence (PL) of pelletized kyanite bombarded with same ions and energy with fluences in the range 1 Â 10 11 -5 Â 10 13 ions/cm 2 with an excitation of 442 nm laser beam. The characteristic pair of sharp emission peaks at 689 and 706 nm in both IL and PL is attributed to luminescence centers activated by Fe 2+ and Fe 3+ ions. The reduction in IL and PL bands intensity with increase of ion fluence might be attributed to degradation of Si-O (2n 3 ) bonds, present on the surface of the sample. r
Introduction
Ion beam-induced luminescence (IBIL) or simply known as ionoluminescence (IL) is a luminescence phenomenon, which is caused by energetic ions interacting with solid matter. The light emitted under ion irradiation originates from electron transitions followed by recombination processes within the outer electron shells of the sample atoms. The IL method provides the information for rapidly identifying the different types of minerals, oxidations states of rare earth elements (REEs), sample size in the order of micrometers and identification of natural minerals from synthetic ones [1] [2] [3] [4] [5] . A lot of IL data was reported on certain natural minerals [6, 7] , insulators [8] [9] [10] [11] [12] , semiconductors [13] , thin films [14] and synthetic minerals [15] . However, a limited work has been carried out on IL and PL of natural kyanite using ion irradiation [16] . Natural kyanite, a crystalline aluminum silicate (Al 2 SiO 5 ) is one of the silicate groups of mineral used in the production of non-fusion cast tank blocks, in the manufacture of spark plugs and as mineral specimens. It is a polymorph with three minerals-andalusite, sillimanite and mullite [17] [18] [19] . Kyanite, a triclinic occurs in long thin blade form, semitransparent, blue in color and iron is found to be major impurity present in the sample. In the present paper, an attempt has been made to study the oxidation states of iron present in the sample and also effect of SHI on irradiation on kyanite sample was studied using the techniques of IL and PL.
Experimental
Natural kyanite single crystals of $0.4 mm thickness and area $25 mm 2 are obtained by cleaving the long thin block procured from Indian Bureau of mines (IBM), Bangalore. The pellets of similar area and thickness are also prepared by grinding the long thin crystals using pestle and mortar. The samples were irradiated at room temperature by Ag [20] . The dose rate for 100 MeV Ag 8+ ions was $5 Â 10 9 ions/cm 2 /s. The samples were mounted on a copper target ladder with a silver paste giving good thermal and electrical conductivity between them. This prevents sample heating during SHI irradiation. The ion beam was magnetically scanned on a 10 mm Â 10 mm area on samples surfaces for uniform irradiation. For IL studies, the detailed experimental set up was described elsewhere [21] . PL emission spectra of the samples of pristine and ion irradiated were recorded using Kimmon IK series He-Cd Laser system (IK5552R-F) with excitation wavelength of 442 nm and a pre-configured Mechelle (Multichannel Instruments AB Sweden) spectrograph. In Mechelle system, the emitted light is coupled into the spectrograph through an optical input fiber and an SMAconnector. An image detecting system (CCD camera from PCO computer Optics GmbH) attached to the spectrograph records the spectral image (over the range 200-1100 nm). The spectral calibration was done using a mercury pen lamp. The linear spectral resolution in the present configuration was 0.5 nm. Fig. 2 . It is observed that the IL intensity is found to be reduced with increase of Ag 8+ ion fluence (Fig. 3 ). The pair of sharp peaks observed at 689 and 706 nm is attributed to luminescence centers activated by Fe 2+ and Fe 3+ ions [22] . These two luminescent centers having almost equal intensity, which signifies the charge exchange between the two iron ions. The characteristics of the center giving rise to sharp emission in kyanite might be due to the fact that optically active electron involved in the luminescence emission is within 3d shell which is partially shielded by the outer most electrons 3S 2 3P 6 [3] . The peak positions of Fe 2+ and Fe 3+ ions in our results are very good agreement with that analyzed by IL and CL studies of plagioclase feldspars [6] . The FWHM of the IL spectrum for our measurement was about 0.11 eV, which is much less than the interval of 0. [6] . It is found that the IL intensity in pelletized kyanite is observed to be more when compared to crystalline samples. This might be due to surface roughness of the sample [23] . A single Fe 3+ peak was observed in different origin plagioclase mineral by Ryan using IL method [5] .
Results and discussion
The decrease of sharp IL peaks at 689 and 706 nm with increase of Ag 8+ ion fluence might be due to disorder produced by dense electronic excitation under SHI irradiation [24] . If the concentrations of impurities including rare earths (Fe, K) and transitional metal ions increased in the kyanite sample, the crystal structure may change and play an important role in the extrinsic luminescence process. Although kyanite is a natural mineral containing iron as the major impurity in the crystal and the same is confirmed from electron spin resonance (ESR), energy-dispersive X-ray analysis results [25] . Pure minerals often do not show luminescence at all, but impurity ions Fe 2+ , Fe 3+ present in the sample usually acts as luminescence quenchers [1] . However, the impurity concentrations are too high they may act as self-quenchers. Wang et al. [16] have observed the amorphization of kyanite irradiated with 1.5 MeV Xe + ions with fluence of 1.88 Â 10 14 ions/cm 2 using selected area diffraction (SAD) pattern. Amorphization in the system (Al 2 SiO 5 ) as each incident ion may create one or more several displacement cascades which become amorphous as a result of rapid quenching, and then cascades eventually overlap to form an amorphization of solid. In the present studies, complete amorphization was not achieved and it requires some more fluence to study the complete amorphization. Brooks et al. [10] have studied the IL of plagioclase feldspar bombarded with H + and He + with 3 MeV. They observed that IL intensity decreases with increase of ion fluence. This decrease in intensity is due to variation in the bond distances of Fe-O. However, Zuk et al. [11] have studied the IL of ultra-pure porus silicon bombarded with 250 keV H + ions. They observed that IL intensity increases with increase of ion dose. A rapid growth of intensity is due to increasing number of simple defects induced into the sample by H + ion bombardment. In our earlier studies of IL of kyanite with 100 MeV Ni + ions shows a similar kind of results [17] . The IL intensity is more in Ag 8+ ions when compared to Ni 8+ ions. The IL intensity depends on type of ion implantation, luminescence activators/quenchers.
Photoluminescence spectra of pelletized kyanite bombarded with 100 MeV swift Ag 8+ ions for fluences in the range 1 Â 10 11 -5 Â 10 13 ions/cm 2 followed by 442 nm laser beam excitation are recorded and the results obtained are shown in Fig. 4 . In order to avoid the effect of pristine part in irradiated part, only top surface of the irradiated sample was carefully separated using a new stainless-steel blade. A part of it was used for PL measurements and the remaining part was used for IR studies. The detailed sampling process after irradiation was described elsewhere [26] . A pair of sharp PL emission bands with peaks at 689 and 706 nm along with a broad emission in the range 700-850 nm are recorded in the entire samples. These results are in very good agreement with those recorded in IL measurements. It is found that PL intensity at 689 and 706 nm peaks decreases with increase of Ag 8+ ion fluence (Fig. 5) . The decrease in intensity might be attributed to the destruction of the surface chemical species because of the energy deposited through S e during SHI irradiation and formation of defects leading to non-radiative recombination centers at higher fluences [27] . In order to study the destruction of surface chemical species, we performed infrared absorption studies of pristine and ion irradiated kyanite pellets with 100 MeV Ag [28, 29] . This mode decreases with increase of Ag 8+ ion fluence. The reduction in IL and PL intensity at 689 and 706 nm in the present studies might be attributed to degradation of Si-O (2n 3 ) mode. The irradiation effects may lead to the restructuring of the surface chemical species because of the energy deposited through electronic energy loss during the process of SHI irradiation and formation of ioninduced defects leading to non-radiative recombination centers. These two processes are simultaneous consequences of irradiation and they compete with each other. Enhancement or degradation in the IL and PL in the present studies might be due to the balance between these two effects [30] . In the present investigations, optical absorption measurements were not carried out, since, the sample is not transparent. Optical absorption or photoacoustic measurements of this sample will give more information about the nature of defects centers.
Conclusion
The IL technique is highly informative and provides information about type of impurity, oxidation state, etc. In the present study, the sharp IL and PL emission bands with peaks at 689 and 706 nm corresponds to luminescence centers activated by Fe 2+ and Fe 3+ ions. The reduction in IL and PL bands with increase of ion fluence might be attributed to degradation of Si-O (2n 3 ) bonds present on the surface of the sample. And also might be due to disorder produced by dense electronic excitation under SHI irradiation. Optical absorption/photoacoustic studies will through light on the nature of defects centers in kyanite.
